The 18qsyndrome is representative of a group of terminal deficiency or macrodeletion syndromes characterized by mental retardation and congenital malformations. To gain insight into the mechanism of chromosomal loss and stabilization in these disorders, we cloned a putative terminal deletion breakpoint from an 18qsyndrome patient. The 18q21.3 breakpoint occurred between two nearly identical serine protease inhibitor (serpin) genes, SCCA1 and SCCA2. Although cytogenetic studies suggested that this chromosomal aberration was formed by a simple terminal deletion, DNA sequence analysis, pulsed-field gel electrophoresis and fluorescence in situ hybridization showed that the breakpoint was contiguous with a 35 bp filler sequence followed by a satellite III DNA-containing telomeric fragment of 475-1000 kb. This type of satellite III DNA sequence was not detected on the normal chromosome 18, but was highly homologous with types of satellite III DNA sequences normally located on the short arms (p11) of the acrocentric chromosomes and other heterochromatic regions. This DNA sequence analysis suggested that the terminal deficiency in this 18qsyndrome patient arose via illegitimate (non-homologous) recombination. Moreover, these data raise the possibility that a subset of chromosomal aberrations appearing cytogenetically and molecularly as simple terminal truncations or deletions are caused by small (<1000 kb) cryptic rearrangements.
INTRODUCTION
The 18qsyndrome is representative of a group of constitutional deletion disorders that includes, for example, the Wolf-Hirschorn (4p -), cri du chat (5p -) and Miller-Dieker (17p -) syndromes. The 18qsyndrome is characterized by mental retardation, midface hypoplasia and a carp-shaped mouth (reviewed in refs 1-3). Conventional G-banding demonstrates that patients are monosomic for the distal third or fourth of the long arm of chromosome 18 (1) . Recently, we obtained a more precise understanding of the extent of chromosomal loss in this syndrome by quantitating the size of the deletions by bivariate flow karyotyping (4) . The deletions of 17 patients range in size from 9 to 26 Mb with a mean of ∼19 Mb. The heterogeneity in the size of the deletions predicted that the chromosomal breakpoints in patients with the 18qsyndrome mapped to different positions within 18q21.2-q22.1. This hypothesis was supported at a molecular level by analyzing randomly amplified, flow-sorted deleted chromosomes in a series of PCR assays with a panel of 18q21-qter markers (4) .
The heterogeneity in the location of the deletion breakpoints reveals a major deficit in our understanding of the mechanism of chromosomal fragmentation and stabilization in congenital deficiency syndromes. Are the events leading to chromosomal loss unique for each site or are there predisposing structural or sequence motifs common to all loci? How are the fragmented chromosomal ends protected from degradation or progressive shortening during replication? The cloning and sequencing of different breakpoint regions should begin to resolve these issues.
Using randomly amplified, flow-sorted chromosomes from an 18qsyndrome patient (JL184) we show that a deletion breakpoint maps between two tandemly arrayed, highly homologous (∼95% at the nucleotide level) serine protease inhibitor (serpin) genes, the squamous cell carcinoma antigen genes 1 (SCCA1) and 2 (SCCA2) (5) . DNA sequence analysis of the breakpoint reveals the presence of a segment containing satellite III DNA that was ∼475-1000 kb in size. This segment is not derived from chromosome 18. These data suggest that the aberrant chromosome was formed by an illegitimate (non-homologous), cryptic rearrangement rather than a simple terminal truncation.
RESULTS

Mapping and cloning the JL184 breakpoint
Previous cytogenetic analysis using fluorescence in situ hybridization (FISH) with an 18q telomeric YAC (6) and G-banding (7) suggest that the JL184 deletion was terminal, rather than interstitial, and that the breakpoint mapped to 18q21.3. This position was confirmed by FISH with two 18q21.3 YACs, yA153A6 and yB29F7. Both clones hybridized with equivalent signal intensity both to the normal chromosome 18 and to the tip of del(18) (data not shown).
To refine further the location of the deletion breakpoint, we flow-sorted and randomly amplified normal and del(18) chromosomal DNA from JL184. This amplified DNA was used in PCR assays with the more closely linked markers A211R/D18S79 (distal) and A56R/D18S86 (proximal). The breakpoint mapped between these markers (data not shown).
The 50 kb interval between A56R and A211R contains the two serpin genes SCCA1 (telomeric) and SCCA2 (centromeric). These genes are 95% identical at the nucleotide level, <10 kb apart and tandemly arrayed in a head-to-tail fashion (5) . To determine whether the JL184 breakpoint could reside within this duplicated region of the genome, we used A56R to probe Southern blots of genomic DNA. A56R contains exon 3 of SCCA2 but hybridizes to restriction fragments containing exon 3 from either gene (5) . Based on the genomic map of the region and additional restriction enzyme digests, we concluded that del (18) had lost SCCA1 and the breakpoint resided just telomeric of a KpnI site located in the 5′-portion of SCCA2 (data not shown). This hypothesis was confirmed using a modified anchored-PCR approach and randomly amplified, flow-sorted JL184 del (18) DNA to clone the breakpoint (8) . An ∼270 bp product was isolated and cycle sequenced. The DNA sequence of del (18) diverged from that of the normal chromosome 18 only 2 bp after the KpnI site ( Fig. 1A) . Surprisingly, telomere-like repeat sequences were not detected immediately after the breakpoint. Rather, a BLASTN search revealed the presence of satellite III DNA adjacent to the JL184 del(18) breakpoint. The highest degrees of homology were to those of the pTRS47 satellite III (GenBank accession no. X54108) DNA sequence cloned by Choo et al. (9) and the pKS36 satellite III DNA (GenBank accession no. M25636) sequence reported by Sol et al. (10) . pTRS47 and pKS36 contain tandemly arrayed GGAAT monomer units arranged into higher order 1.4 and 1.8 kb repeats, respectively, that map to the pericentric short arms (p11) of the acrocentric chromosomes (11) . Analysis of the normal genomic sequence several hundred base pairs 5′ and 3′ of the breakpoint revealed the presence of several imperfect polypurine tracts and at least one candidate topoisomerase II site (12) . However, no other motifs associated with recombination; such as chi-like sequences (chi is an Escherichia coli activator of recombination) (13), large direct repeats, alternating polypurine-polypyrimidine tracts, telomere-like repeats, Alu repeats, site-specific recombination signals (11, 14) , transposable elements or palindromes were identified near the breakpoint region.
To confirm that the satellite III DNA adjacent to the del(18) breakpoint was not an artifact of the anchored-PCR technique, we conducted two experiments. First, we performed a PCR assay with genomic DNA and primers that flanked the putative breakpoint. These primers, 3.7-8R and del 18-4, should amplify a 182 bp product that hybridizes to the del 18-2 oligonucleotide.
The appropriately sized band appeared when JH306 [a somatic cell hybrid containing only del (18) from JL184] and JL184, but not when normal genomic DNA or DNA from a monochromosomal somatic cell hybrid containing a normal human chromosome 18 served as the template (Fig. 1B) . This result confirmed that the satellite III DNA sequences were located telomeric of the JL184 del(18) breakpoint.
Second, we screened a human genomic DNA λ phage (EMBL3) library with a [ 32 P]satellite III breakpoint probe (a PCR-generated fragment using primers del 18-3 and 18-4). Clone 6 contained an ∼17 kb insert of which a portion was subcloned and sequenced. Satellite III DNA sequence with highest homology to that of pTRS47 was obtained. Clone 6 DNA was biotinylated and hybridized to metaphase spreads of JL184. As expected, this satellite III DNA-containing phage DNA hybridized to the p arms of the acrocentric chromosomes and the heterochromatic regions of chromosomes 1 and 3 (Fig. 2 ). The probe also hybridized to the tip of the q arm of del (18) , but not to the normal chromosome 18.
Of note, the 35 bp element was located between the breakpoint and the satellite III DNA sequences. This element was not homologous with any DNA sequences deposited in GenBank. To determine the nature of the element, we synthesized primers complementary to portions of the 35 bp sequence and the satellite III DNA. These primers amplified the correctly sized 104 bp product, which hybridized to the internal oligonucleotide (del 18-2), from JH306 and JL184 DNA, but not from normal human genomic (CGM1) DNA (Fig. 1C ). Since the 35 bp element was neither present at 18q21.3 on the normal chromosome 18 nor contiguous with the satellite III DNA in normal human genomic DNA, we designated this sequence as 'filler' DNA.
The aberrant chromosome from JL184 was formed by a cryptic rearrangement
The presence of satellite III DNA sequences adjacent to the JL184 breakpoint suggested that the aberrant chromosome was not formed by chromosomal breakage followed by simple telomeric addition. To determine if additional sequences were present, we compared the rare-cutting restriction pattern of JL184 with that of CGM1 (normal) genomic DNA. Previous studies show that SCCA1 and SCCA2 reside on a large, 1250 kb MluI fragment that extends from the second intron in BCL2 to a site telomeric of the entire serpin cluster at 18q21.3 (15) .
High molecular weight DNA from CGM1, JL184 and JH306 was digested with MluI, separated by pulsed-field gel electrophoresis (PFGE), blotted and hybridized with the pre-breakpoint probe, 3.7-1F/1R. As expected, the probe hybridized to a single 1250 kb MluI fragment from CGM1 DNA (Fig. 3A) . In contrast, this probe hybridized to both a 1250 and a 1000 kb MluI fragment from JL184 DNA. This latter fragment appeared to represent the rearrangement of del (18) , as the band also appeared in digests of del(18)-containing JH306 hybrid DNA (Fig. 3B ). If the 1000 kb fragment represented the presence of additional post-breakpoint sequences, then the band should fail to hybridize to a PAI2 probe but should hybridize to the satellite III probe. This was the case ( Fig. 3B and C) . Since the distance between the MluI site in the BCL2 intron and the breakpoint was 525 kb, at least 475 kb of novel genomic sequences were present on del(18) of JL184 ( Fig.  3D ). Considering that the FISH and G-banding studies failed to detect the presence of additional DNA sequences on the tip of del(18), the upper limit in size of the appended fragment could approach ∼1 Mb (i.e. the lower limit of detection by the cytogenetic techniques employed). Thus, del(18) from JL184 appeared to form via a cryptic rearrangement and contained a terminal DNA fragment 475-1000 kb in size.
The del(18) from JL184 contains telomeric repeat sequences
Using a telomeric repeat probe, we were unable to detect hybridization to the 1000 kb rearranged MluI fragment from JL184 (data not shown). This result suggested that del(18) did not contain telomeric repeat sequences or that they were located distal to this MluI fragment. To determine which was the case, we employed a quantitative FISH technique employing a peptide nucleic acid (PNA) oligonucleotide probe, (C 3 TA 2 ) 3 . Metaphase spreads from JL184 showed that the q arms from the normal chromosome and del (18) provided similar signals (data not shown). Based on calibration of FISH images from plasmids with T 2 AG 3 inserts of known size (16) , the length of the telomeric repeats on the normal and del(18) q arms were 5.8 ± 1 (n = 28) and 4.3 ± 1.9 (n = 28) kb, respectively. These data showed that the del(18) q arm contained telomeric repeat sequences distal to the rearranged MluI fragment.
DISCUSSION
From these data, we concluded that the aberrant chromosome in JL184 was not formed by a simple double-stranded break (DSB) followed by telomeric addition (17) . Rather, del(18) was formed by illegitimate (non-homologous) recombination with a genomic DNA fragment from an undefined location (18) . The presence of a 35 bp insert or 'filler' sequence at the join is typical of non-homologous recombination of the non-immune system type [i.e. those recombinations not involving V(D)J or immunoglobulin switch regions] (19) .
Using FISH and microsatellite markers, Brkanac et al. detected more complex cryptic rearrangements in 14% of 35 18qsyndrome patients who presented cytogenetically with terminal deletions (20) . It is unlikely that these techniques would have identified the cryptic rearrangement of JL184, as the latter aberration was apparent only after DNA sequencing followed by PFGE and Southern blotting. These data suggest that: (i) the incidence of cryptic rearrangements may be even higher than the 14% initially reported (20) ; and (ii) in the absence of DNA sequence analysis, chromosomal aberrations that appear cytogenetically as simple terminal truncations cannot be differentiated confidently from non-homologous recombination events.
How does the mechanism of chromosomal loss in JL184 compare with those associated with other terminal deficiencies? Several truncations of 16p are stabilized by the direct addition of telomeric repeat sequences (17, 21) . In these cases, telomeric-like repeat sequences near the breakpoint serve as a template for telomerase. Alternatively, the broken chromosomes could be stabilized by recombining with any promiscuous DNA sequence capable of seeding the formation of telomeres (22) . A rich source of recombinogenic elements might be the extrachromosomal circular DNAs present in the nuclei of most eukaryotic cells, including those of humans (reviewed in ref. 23 ). The circles vary in size (0.5-95 kb) and copy number (10 2 -10 3 ) and can contain chromosomally derived sequences such as satellite DNA.
Other terminal 'deletions' associated with the Wolf-Hirschorn (4p -) (24) and Miller-Dieker (17p -) (25) syndromes actually represent cryptic translocations that are undetectable by G-banding at the 400-500 band stage (26) . Using the micro-FISH technique, Meltzer et al. demonstrated that terminal 6p deletions in melanomas are frequently non-reciprocal cryptic translocations (27) . They suggest that the recombinogenic ends of chromosomes are stabilized by capturing a telomere from a donor chromosome. If the chromosomal break associated with JL184 was healed by telomeric capture, this event would appear to have required recombination with satellite III DNA sequences located 425-1000 kb from the end of the donor chromosome. Satellite III DNA sequences are detected on the short arms (p11) of the acrocentric chromosomes 13, 14, 15, 21 and 22 and the heterochromatic regions of chromosomes 1, 9, 16 and Y (reviewed in ref. 11), but have yet to be detected <1000 kb from the end of any human chromosome (11) . Thus, if telomere capture occurred in JL184, del(18) recombined with a small block (i.e. undetectable by FISH) of satellite III DNA located <1000 kb from the end of some human chromosome. Alternatively, del (18) recombined with a satellite III DNA sequence from one of the acrocentric chromosomes and a secondary rearrangement shortened the translocated fragment to <1000 kb in size.
Satellite III DNA contains a simple 5 bp sequence (5′-AATGG-3′) that is organized into higher order direct repeats that are several kilobases in size. Satellite III, as well as α and β alphoid and satellite I, II and IV DNA, have been implicated in the genesis of Robertsonian translocations (11) . However, to our knowledge, satellite III DNA sequences have not actually been cloned from a chromosomal breakpoint. Their presence at the JL184 breakpoint may provide direct molecular evidence that these sequences are involved in illegitimate rearrangements.
The JL184 breakpoint occurred between two closely related serpin genes, SCCA1 and SCCA2. These genes reside in a 500 kb region containing at least four other serpin genes, PAI2, PI5 (maspin), PI8 and PI10 (28) . Chromosomal deletions (primarily interstitial) are common in regions containing clusters of related genes (e.g. the β-globin locus) (29) . However, none of the other 11 18qsyndrome breakpoints that we have mapped falls between these genes (4, 7) . Thus, the serpin gene cluster at 18q21.3 per se does not appear to favor chromosomal rearrangements in most cases of the 18qsyndrome. However, these genes may still be involved in the pathogenesis of the disease. Seven of the 11 patients analyzed are monosomic for the entire serpin gene cluster and one (JL184) is monosomic for four of the genes, PAI2, SCCA1, PI8 and PI10 (4, 7) . The serpins are involved in diverse biological functions such as cell differentiation, the remodeling of extracellular matrix and the formation of neuronal connections (reviewed in ref. 30) . In view of these latter functions, it will be important to determine whether there is a correlation between loss of the 18q21.3 serpins and the profound mental deficiency observed in some 18qsyndrome patients.
MATERIALS AND METHODS
Cell lines
JL184 is a lymphoblastoid line established from an 18qsyndrome patient (7) . JH306 is a somatic cell hybrid containing del(18) from JL184 (7) . HHW324 is a human monochromosomal hamster somatic cell hybrid containing a normal human chromosome 18 (7) . CGM1 is a lymphoblastoid cell line established from a normal male donor (31) .
Amplification from flow-sorted chromosomes and genomic DNA
Normal and deleted chromosomes were separated by bivariate flow sorting as described (32, 33) . The DNA was randomly amplified using a modification (34) of the primer-extended preamplification (PEP) scheme described by Zhang et al. (35) . PEP or genomic (0.01 µg) DNA served as a template in 10 µl PCR assays with standard buffer and conditions as described (15) .
FISH
Metaphase preparations from the JL184 lymphoblastoid line were hybridized with biotinylated satellite III-containing λ phage (clone 6) DNA as described (36) . At least 20 metaphases were analyzed.
For telomere FISH, PNA probes specific for T 2 AG 3 (16,37) and centromeric repeat sequences on chromosome 18 (P.M. Lansdorp, unpublished data), respectively, were used. Both probes were labeled with Cy3 and used on pepsin-treated metaphases from JL184 cells as described (16, 37) . Telomere fluorescence intensity was measured on DAPI counterstained chromosomes using a digital camera attached to a Zeiss Axioplan fluorescence microscope using customized software (38) .
PFGE and Southern blotting
High molecular weight DNA was prepared in agarose blocks, digested with MluI and electrophoresed using a CHEF-DRII apparatus (Bio-Rad, Hercules, CA) as described (15) . DNA blots were hybridized with 32 P-labeled probes under conditions reported previously (15) . The 3,7-1F/1R (pre-breakpoint 5′-SCCA2), PAI2 and 3.7-5R/del 18-1 (satellite III DNA) probes were generated by PCR labeling (39) .
Anchored-PCR and cycle sequencing
The JL184 breakpoint region was isolated by a modification of the anchored-PCR technique described by Loh (8) . A 50 µl linear amplification reaction (50 cycles) was performed by incubating 1 µl randomly amplified flow-sorted del(18) DNA (equivalent to ∼1000 randomly amplified chromosomes) with 200 µM each dNTP, 1.5 mM MgCl 2 , 10 mM Tris-HCl, pH 8.3, 50 mM KCl, 0.1 µM 5′-biotinylated 3.7-6R primer (Fig. 1A ) and 2.5 U Thermus aquaticus (Taq) DNA polymerase. The reaction products were extracted with 200 µg streptavidin-coated magnetic beads (Dynabeads M-280 Streptavidin; Dynal, Lake Success, NY) according to the manufacturer's instructions. The bound DNA was tailed in an ∼20 µl volume containing 0.1 mM dGTP, 0.2 M cacodylate, 25 mM Tris-HCl, pH 6.6, 0.25 mg/ml BSA, 0.75 mM CoCl 2 and 25 U/µl terminal transferase (Boehringer Mannheim, Indianapolis, IN). One microliter of beads containing the tailed DNA was amplified in a 20 µl nested-PCR containing 100 pmol 3.7-8R primer, 100 pmol of a 9:1 mixture of the AnA:AnApC primers, dNTPs (concentrations as above), buffer (concentrations as above) and 0.5 U Taq DNA polymerase. The reaction was cycled five times at 94_C for 1 min, 45_C for 1 min and 72_C for 1 min, and then 40 times at 94_C for 1 min, 60_C for 1 min and 72_C for 1 min. The PCR products were separated by gel electrophoresis (1% agarose, 1× TAE). A faint smear of DNA in the range 500-1000 bp was isolated from the gel. One microliter of a 1:10 dilution of the DNA eluate was used in a second nested-PCR with primers 3.7-7R and AnA. The amplification products were purified by gel electrophoresis and ∼50 ng was used in a cycle sequencing reaction according to the supplier's protocol (Cyclist Exo -Pfu DNA sequencing kit; Stratagene, La Jolla, CA).
